Introduction
Mutations in LRRK2 (leucine-rich repeat kinase 2) are the most common cause of familial parkinsonism and one of the most common genes mutated in sporadic Parkinson's disease. Most cases of LRRK2-associated disease exhibit accumulations of aggregated α-synuclein, forming Lewy bodies and Lewy neurites. Some cases associated with LRRK2-mediated disease exhibit aggregated tau and TDP-43 pathology.
An increasing number of studies suggest that mutant LRRK2 interferes with autophagic function. Chu and colleagues [1] demonstrated that G2019S (GS) LRRK2 interferes with autophagy. Neurons overexpressing GS LRRK2 exhibit abnormally large autophagic vesicles as well as an associated decrease in neurite length that could be reversed by knockdown of essential autophagic genes, including LC3 or Atg7. Knockout of LRRK2 leads to renal degeneration, which is associated with increases in the autophagic protein, LC3, and the accumulation of aggregated α-synuclein [2] . LRRK2 is also degraded by cellmediated autophagy, while mutant LRRK2 inhibits cellmediated autophagy, leading to reduced degradation of α-synuclein [3] . Together, these studies point to a strong role for LRRK2 in autophagy.
The actions of LRRK2 appear to extend beyond autophagy. LRRK2 associates with many membranes and appears to modulate a membrane-associated function [4] . LRRK2 modulates vesicular uptake at the synapse, in part by modulating EndoA phosphorylation [5, 6] . LRRK2 also associates with a number of GTPases, each of which regulates particular cellular functions. We demonstrated that LRRK2 binds to rac-1 and modulates neurite outgrowth via rac-1 [7] . Other studies show that LRRK2 interacts with rab7L1, which regulates golgi function [8, 9] . Finally, prior work suggests that LRRK2 regulates mitochondrial, endoplasmic reticular function and autophagic system [10] [11] [12] [13] [14] [15] . In an effort to gain a broader understanding of how LRRK2 affects functioning of membrane-associated organelles, we investigated the regulation of mitochondria, the endoplasmic reticulum and the autophagosome, using fluorescence reporters.
Methods
Caenorhabditis elegans heat shock protein (hsp) lines were obtained from David Ron (Skirball Institute, New York, N.Y., USA). The LRRK2 lines were generated as previously described [10] . C. elegans strains were grown at 20 ° C unless otherwise indicated. All other methods were performed as described previously [10, 16] .
Results
To investigate how LRRK2 affects autophagy, we are in the process of developing a reporter consisting of the nematode homolog of LC3 (lgg-1) coupled to RFP. We generated a lgg-1::RFP construct in N2 nematodes driven by the dopamine-specific dat-1 promoter. Validation of the reporter construct is reported in a manuscript that is currently under review elsewhere. The lgg-1::RFP reporter is responsive to known autophagic modulators. Knockdown of ATG-5 reduces fluorescent puncta, while treatment with bafilomycin increases fluorescence from the lgg-1::RFP construct [Benjamin Wolozin, pers. commun.]. Together, these data suggest that the fluorescence from the reporter reflects autophagic flux.
Next, we crossed the dat-1::lgg-1::RFP reporter with C. elegans lines expressing WT, GS or R1441C (RC) LRRK2, using the LRRK2 lines that had been previously described by our group [10] . Here, we report preliminary findings indicating that the levels of the lgg-1::RFP report are modulated by LRRK2. In particular, we observe that GS and RC LRRK2 increase levels of the lgg-1::RFP reporter, while WT LRRK2 reduces lgg-1::RFP levels ( fig. 1 a) . These results suggest that GS and RC LRRK2 reduce autophagic flux, while WT LRRK2 increases autophagic flux. Further experiments exploring the system are described in a separate paper, which is under review [Benjamin Wolozin, pers. commun.].
Next, we examined the effects of LRRK2 on mitochondrial, endoplasmic reticular and cytoplasmic stress responses. We used three well-characterized reporters: hsp6::GFP (the nematode homolog of the mammalian mitochondrial hsp-70 protein), hsp4::GFP (the nematode homolog of the mammalian BiP protein) and hsp1::GFP (the nematode homolog of the mammalian cytoplasmic hsp-70) [16] . Each reporter was crossed with nematodes expressing WT, GS or RC LRRK2, and the response of the fluorescent reporter was examined under basal or stressed conditions. Under basal growth conditions, WT, GS and RC LRRK2 all increased hsp6::GFP fluorescence. No significant effect was observed on hsp4::GFP fluorescence ( fig. 1 b) ; no fluorescence was observed for the hsp1::GFP or hsp1::GFP/LRRK2 kinase deadlines under basal conditions. As expected, stresses are selective for each cell compartment (heat shock at 33 ° C for 45 min, rotenone 250 n M for 48 h, or tunicamycin 2.5 μg/ml for 48 h, each starting at L2; fig. 1 c, d ). However, nematodes expressing WT, GS or RC LRRK2 exhibited strongly increased fluorescence for the lines coexpressing hsp6. LRRK2 did not appear to affect the stress responses for hsp4 or hsp1 ( fig. 1 c, d ).
Discussion
We used transgenic lines of C. elegans to compare the actions of LRRK2 on four different cellular compartments: the autophagosome, the mitochondria, the endoplasmic reticulum and the cytoplasm. We observed that WT LRRK2 reduced lgg-1::RFP fluorescence, while GS and RC LRRK2 increased lgg-1 fluorescence; these LRRK2-dependent differences suggest that WT LRRK2 increases autophagic flux while GS and RC LRRK2 decrease autophagic flux. The inhibition of autophagy by GS and RC LRRK2 is consistent with observations by others [1, 17] . Cuervo and colleagues [3] also report that GS LRRK2 inhibits autophagy, but they focus on cellmediated autophagy, which is a process that is not present in C. elegans, since nematodes lack a homolog for LAMP2a. Although GS LRRK2 consistently inhibits autophagy in multiple studies, the effects of WT LRRK2 appear to vary depending on the study. We observe that 112 LRRK2 stimulates autophagy. However, other work from our laboratory suggests that the effects of WT LRRK2 vary depending on whether or not α-synuclein is present; coexpressing WT LRRK2 with α-synuclein produces a modest age-dependent inhibition of autophagy [Benjamin Wolozin, pers. commun.]. Both Chu and colleagues [1] and Cuervo and colleagues [3] observe that WT LRRK2 modestly inhibits autophagy, while AlegreAbarrategui et al. [17] observe that WT LRRK2 increases autophagy. Thus, the effects of WT LRRK2 on autophagy appear to be modest and depend on the system evaluated.
However, GS LRRK2 has been shown to robustly inhibit autophagy in multiple different studies. Autophagic inhibition would interfere with degradation of protein aggregates, which provides a direct mechanism through which the GS mutation might cause neurodegenerative disease.
LRRK2 has also been reported to affect other organelles [4] . Feng and colleagues [14] reported that GS LRRK2 increases vulnerability to endoplasmic reticular stress, and multiple groups observe that GS LRRK2 interferes with mitochondrial function [10, 18, 19] . In the cur- rent study, we observed that WT, GS and RC LRRK2 increase the response of hsp6 reporters to stress. This points to the importance of LRRK2 to mitochondrial and autophagic functions, which suggests that LRRK2 might exhibit mitochondrial directed actions related to those observed for parkin and PINK1.
